Introduction
Differentiated thyroid carcinoma (DTC) generally has a good outcome, when treated with a combination of a total thyroidectomy, followed by an iodine-131 (I-131) ablation therapy. However, recurrences do occur and may still do so many years after initial treatment. Patients are therefore enrolled in a long-time follow-up regimen. The intensity of the regimen is based on a risk profile, consisting of primary tumour characteristics, evidence of metastases and patient age. The detection of recurrence is mainly based on monitoring of serum thyroglobulin (Tg) levels, which reflect the presence of remaining thyroid tissue or DTC cells in the body in a sensitive way. Also, a combination of routine physical exam and imaging techniques such as ultrasonography of the neck is common practice. However, even with significantly elevated Tg levels, metastatic disease is not always detected by conventional imaging techniques or diagnostic (tracer amount) I-131 or I-123 whole body scintigraphy (WBS) [1] - [6] . When recurrence of DTC is suspected (elevated levels of Tg) and all other diagnostic modalities are negative, it currently is common practice to give I-131 therapy ("blind" or empiric therapeutic dosage). This therapy also serves a diagnostic purpose, by allowing assessment of the extent of disease on subsequent whole body scintigraphy.
Unfortunately, after this so called "blind" I-131 therapy, there is no visible I-131 uptake on post-treatment scintigraphy in a significant number of patients [7] [8] . This means that these patients might have no benefit of I-131 therapy, because there is no I-131 uptake in (suspected) tumorous tissue. The challenge is to find a means to prevent this unnecessary I-131 treatment. Diagnostic (tracer amount) I-131 or I-123 whole body scintigraphy should in theory predict iodine uptake, but it is not always reliable [1] - [3] . Fluorodeoxyglucose (FDG) positron emission tomography with computer tomography (PET/CT) has a prominent role in oncology nowadays and can provide useful information about tumour metabolic rate. Although FDG uptake has been reported to be inversely related to iodine uptake ("flip-flop" phenomenon) [9] [10], it does not seem to be practical tool in predicting iodine uptake. A truly promising tool for identifying patients who will benefit from I-131 therapy is I-124 PET/ CT, which should predict the uptake of a therapeutic dosage of I-131.
I-124 PET/CT could therefore be important in personalizing treatment for patients with DTC. A number of promising reports that show the diagnostic potential of I-124 PET/CT have been published [11] - [14] . I-124 PET/CT is increasingly being used in follow up of DTC and has been used in our hospital since 2007, replacing the diagnostic (tracer amount) I-131 scintigraphy. We retrospectively assessed the potential added value of I-124 PET/CT in our hospital.
Methods

Patients
We included all patients (n = 30, 23 females, 7 males), average age 54 y (range 17 -77 y) with DTC who had undergone at least one I-124 PET/CT from 2007 to 2012. Eight patients had follicular thyroid carcinoma, 21 patients had papillary carcinoma and one patient had Hürthle cell type carcinoma. I-124 PET/CT was performed during follow up and at least 6 months after initial surgical and I-131 ablation therapy. No specific further selections were made. The study has been approved by the institutional review board.
Patient Preparation
All PET/CTs were made under adequate stimulation by high thyroid stimulating hormone (TSH) levels (the lowest TSH was 47 mIU/L, average TSH was 82 (when result: >100 was considered as 100)) by either recombinant human thyrotropin (rhTSH) or thyroid hormone withdrawal. Stimulated serum Tg, anti-Tg and TSH levels were recorded from samples taken both the day of the I-124 PET/CT scan and the day before. The maximum levels of both samples were recorded. Tg and anti-Tg were measured with an electrochemiluminescence immunoassay (ECLIA) on a Roche Cobas ® 6000 analyzer, with a detection limit of 0.15 pmol/L for Tg.
PET Scanning and Tracer
PET/CT scans were made on a Siemens Biograph Truepoint™ 40 PET/CT scanner and combined with low dose CT for attenuation correction and anatomical localisation. A standard dose of 40 MBq I-124 was used intravenously. Scans at 24 hours and 96 hours post injection were obtained. Scans were made from the upper thighs to the top of the head. An acquisition time of 5 minutes per bed position was used, with iterative 3D reconstruction by four iterations with 8 subsets and a Gaussian filter. The low dose CT was made with 120 kV, 30 mAs (reference, Siemens CARE Dose4D™ automatic exposure control), pitch 0.8 mm and 0.5 s rotation time.
Data Analysis
PET/CTs (n = 34, in 30 patients) were visually evaluated by 2 well experienced nuclear physicians. A positive I-124 PET/CT scan was defined as having a visually abnormal uptake, with no other likely explanation but recurrence of DTC. A negative I-124 PET/CT was defined as having a visually normal distribution of activity. The I-124 PET/CT results were compared with I-131 therapy whole body scintigraphy if available. I-131 scintigraphy was done 7 days after treatment. Therapy dosages ranged from 3700 MBq (100 mCi) to 7400 MBq (200 mCi). A positive I-131 scintigraphy was defined as having a visually abnormal uptake of activity, with no other likely explanation but DTC. The I-124 PET/CT results were also compared with histological results when available, stimulated serum Tg levels (positive defined as >3 pmol/L (>2 ng/mL), with no detectable anti-Tg), and other means of imaging techniques such as FDG-PET/CT, CT, MRI and ultrasonography. Recurrence of DTC was defined as any combination of results showing (suspected) recurrence, provided this was within a timeslot of no longer than 4 months prior to or after the I-124 PET/CT. A database of results was created on a per patient basis (The essential information is shown in Table 1 ). Sensitivity, specificity, positive predictive value and negative predictive value of I-124 PET/CT were calculated using a conventional 2 × 2 table comparing the I-124 PET/CT result to the presence of recurrence ( Table 2) . A 2 × 2 table was also used comparing I-124 PET-CT to the post therapy I-131 WBS ( Table 3) .
Results
Recurrence of DTC was found in 14/34 cases. I-124 PET/CT correctly detected recurrence in 2/14 cases, with false negative results in 12 cases. In 1 case a false positive I-124 PET/CT result was recorded. 19 true negative I-124 PET-CT results were found. Thus, the sensitivity of I-124 PET/CT was 14% and the specificity 95%. positive predictive value was 67%, negative predictive value 61%. These findings are illustrated by Table 2 .
In six of 14 cases with recurrence of DTC, subsequent I-131 therapy was given. In two of these six cases I-131 uptake was correctly predicted by I-124 PET/CT (in one case there was no sign of I-131 or I-124 uptake). In four cases I-124 PET/CT was false negative. These findings are illustrated by Table 3 . Figure 1 shows example images of a false negative case.
The results on a per patient basis are summarized in Table 1 . In 11 cases not all information about staging could be retrieved. In two patients significant anti-Tg was present (patient nr. 14 and 15), meaning reliable Tg measurement was impossible. Lacking other evidence of disease, and showing a downward trend of anti-Tg in follow-up (in one case even normalization of anti-Tg and Tg levels), these two patients were considered as having no recurrence. In one case (patient nr. 2) there was a skull lesion on I-124 PET/CT, with no sign of recurrence based on Tg, CT and MRI. This lesion was also visible on initial post-ablation I-131 WBS six months earlier. The reason of this iodine uptake is unclear up to this moment. We considered this I-124 PET/CT as true positive.
Discussion
Our results showed that in only a few cases (two out of 14) I-124 PET/CT was able to detect recurrence of DTC. However, the most important finding was that I-124 PET/CT could not predict post treatment I-131 uptake adequately, with four false negative results out of six cases. If the decision of I-131 therapy had been based solely on I-124 PET/CT results of these patients, these four patients would have been withheld an effective therapy. This finding seems to contradict earlier studies with more positive results, but these comparisons between I-124 PET (with or without CT) and I-131 therapy have mostly been done in the pre-therapeutic phase, not in the follow-up phase [11] [15] . Some studies have been published about the role of I-124 PET in the follow-up phase. We will discuss them below. Phan et al. [12] found an I-124 PET (PET only) to predict post treatment I-131 uptake adequately in patients under follow up. Out of 20 patients with histologically proven advanced DTC, 11 had a positive I-124 PET. Nine of these 11 patients showed I-131 uptake. However, they also found two false positive and two false negative I-124 PETs, in which post-treatment I-131 WBS was positive.
Lee et al. [14] found a good performance of FDG-PET/CT and I-124 PET/CT combined in a prospective study in 19 patients with DTC under follow up with elevated Tg levels (stimulated) and negative ultrasound and diagnostic I-131 WBS. Treatment strategy was changed in 6/19 patients. However, 6 negative I-124 PET/CTs were found in patients with recurrence correctly identified by FDG-PET/CT. Conversely, in the 4 true-positive I-124 PET/CTs, FDG-PET/CT was negative. This suggests a complementary performance of FDG and I-124-PET/CT, which is in line with the known "flip-flop" phenomenon in which DTC loses the ability to take up iodine and takes up more FDG. Unfortunately no comparison with subsequent post I-131 therapy WBS results was published.
A similar study was done by Freudenberg et al. [16] who also showed a good sensitivity of I-124 PET/CT and FDG-PET combined. The sensitivity of I-124 PET/CT alone was 49%. No comparison with post therapy I-131 WBS was made.
We do not have a clear explanation for our conflicting results of I-124 PET/CT. Possible factors include (a combination of):
1) Difference in patient preparation between our study and earlier studies. Although in our study average TSH was at least comparable with the other studies, there are some differences. Lee et al. [14] used 4 weeks of levothyroxine withdrawal for stimulation and a low-iodine diet. Freudenberg et al. [16] also mainly used levothyroxine withdrawal for at least 4 weeks, but no low-iodine diet. Phan et al. [12] used both rhTSH and levothyroxine withdrawal but they did not specify this further. In our study we primarily used rhTSH (28/34 scans) and no low-iodine diet.
2) Different timing of scanning. I-131 post therapy scans are made at 7 days after administration, versus I-124 PET/CT at 24 hours and 96 hours after administration. Although most iodine will be in target regions within 24 hours, during the following days target to background ratios may improve in I-131 scanning with its longer halflife of 8 days. I-124 PET/CT has a shorter half-life of 4.2 days, which may cause a worse signal to noise ratio at even 96 hours after administration. We did consistently find poor signal intensity at 96 hours after administration, supporting this theory.
3) Pharmacological dosage dependent difference. 40 MBq of I-124 equates to 3.5 × 10 −11 mol of iodine atoms, whereas a typical I-131 therapeutic dosage of 5550 MBq equates to 9.2 × 10 −9 mol of iodine atoms, which is about 263 times as much. In theory this might cause a different tracer distribution in the body. There is not yet a standardized dosage protocol for I-124 PET. Some studies use a higher dosage I-124 (about 74 MBq), instead of 40 MBq [12] - [14] , On the other hand, a dosage of 20 MBq has also been used with good results [17] [18] . Now, we suggest using a minimum of 74 MBq I-124 for further research and in daily practice to minimise the influence of the administered dose. 4) Factors like scanner malfunction, tracer quality problems. This seems unlikely, because we have found no indications for these types of problems and there are positive I-124 PET/CTs.
Although not designed for this purpose, the results of our study may have implications for the use of I-124 PET/CT in dosage calculation. Earlier studies have shown that I-131 dosage calculation at least in pre-therapeutic setting, is feasible with I-124 PET/CT [19] - [21] . Our results do show I-124 uptake in some patients, corresponding with I-131 uptake on post therapy WBS. In this way our study shows that dosage calculation in follow up should be possible, however, the false negative I-24 PET/CT results indicate that one should take into account that a negative I-124 PET/CT does not rule out I-131 uptake.
Since this is a relatively small retrospective study, further investigations are necessary. We expect more definitive recommendations about I-124 PET/CT in follow up of DTC can be made when the now open multicentre prospectively designed THYROPET study is completed.
Conclusion
In this study I-124 PET/CT did not reliably detect recurrent differentiated thyroid carcinoma. More disappointingly, it failed to predict I-131 uptake on post-treatment scintigraphy in a significant number of cases. This would lead to under-treatment if I-124 PET/CT would be used for treatment decisions regarding I-131 therapy. We have not found a clear explanation for these conflicting results. Possible factors include differences in patient preparation, timing of scanning after tracer administration and dosage related factors. At this time we cannot recommend I-124 PET/CT as a tool to predict I-131 uptake. The role of I-124 PET/CT in the follow up of DTC seems limited. Since this is a small, single centre study, further investigations are necessary. Further studies to define the definite role of I-124 PET/CT are underway (THYROPET study).
